Abstract-Broadband planar and non-planar negative refractive index (NRI) metamaterial (MTM) designs consisting of a periodically arranged split ring resonator and wire structures are developed in the terahertz (THz) frequency regime using the Finite-Difference TimeDomain (FDTD) method. The novel MTM designs generate a broad negative index of refraction (NIR) passband approximately two and a half times higher than those of the conventional SRR/wire structures, by using the same dimensions. Numerical simulations of wedgeand triangle-shaped metamaterials are used to prove the negative refractive index of the models. The fabricated MTMs exhibit passband characteristics which are in good agreement with the model results. The parametric studies of correlated factors further support these outcomes.
INTRODUCTION
Materials that support strong, tunable magnetic and electric properties in the THz frequency range have applications in personnel security screening, medical imaging, remote sensing, and bio-medical engineering [1] [2] [3] . THz radiation has the ability to show polarization sensitivity. It is also able to see through common materials, such as clothing, thick smoke and dust [1] so that it can detect concealed weapons since many non-metallic, non-polar materials are transparent to THz radiation [2] . When assembling the metamaterials (MTM) at THz or higher frequencies by scaling down the dimensions of the resonators, the major inconvenience we face is the difficulty of the small-scale manufacturing process.
We propose and demonstrate a model of spilt-ring resonator/wire composite MTM which can create a negative index passband approximately two and a half times higher than those of the conventional SRR/wire structures, with identical dimensions. The magnetic field is excited parallel to the plane of the structure, so that the propagation direction is normal to the plane and the electric field is parallel to the gap-side of the SRR. This higher passband results in doubling up the size of the conventional structure in order to get the same location of the transmission band. Increasing the size of the structure will significantly simplify the nanofabrication when we deal with MTMs in the optical regime. Furthermore, the new SRR/wire structure can produce a broad passband -nearly two and a half times larger than those of the primary models. One design has been fabricated by using aluminum (Al) on a Mylar substrate using a combination of standard lift-off and photolithographic techniques. The transmission spectra of this group of samples are measured using Fourier transform infrared (FT-IR) interferometer and the results are compared to those of the simulation model. Parametric studies of the different factors of the simulation and experimental models such as thickness, materials, and misalignment are also discussed.
ANALYSIS
Four different cases of SRRs, as defined by Katsarakis et al. are employed. The magnetic field is oriented perpendicular to the SRR plane for cases (a) and (b), henceforth referred to as SRR-A and SRR-B respectively, and it is in the SRR plane for cases (c) and (d), henceforth referred to as SRR-C and SRR-D, respectively. The electric field for SRR-B and SRR-D structures is along the gap-bearing sides of the SRR, whereas for SRR-A and SRR-C, is along the no-gap side of the SRR structures [4] . The direction of propagation is along the SRR structures for SRR-A and SRR-B, and is perpendicular to the structures for SRR-C and SRR-D. The outer, inner, and double-ring of the SRR cases A-D are shown in Fig. 1 .
Besides the conventional cases [5] (SRR-A and SRR-B), it has been shown that the SRR-D configuration, where the EM waves propagate perpendicular to the plane and the electric field is along the gap side, can also generate a magnetic response [4, [6] [7] [8] , Ref. [7] assesses the magnetoelectric coupling in the structure to complete the formal model of Ref. [5] which considered the magnetic polarizability only. Nevertheless, all four resonant polarizabilities, magnetic, electric and two magnetoelectric should come about as a result of the structure physics [7] . Hence, it can be concluded that not only the magnetic polarizability has an effect on the SRR-A and SRR-B structures, but the electric and magnetoelectric polarizabilities also cause resonance for the SRR-B and SRR-D structures. As we will show later, a resonance of the SRR-C, which appears in a higher frequency, can be caused by one or more polarizabilities.
By adjusting the geometric parameters, including linewidth, width, length, thickness, and gap distance of the SRR structures, the resonance can be tuned to a specific frequency of interest [5] . The dimensions of the SRR structures are 93.6 µm by 93.6 µm. The outer square SRR side length is 93.6 µm, the inner square SRR side length is 62.4 µm, and the distance between the inner and outer SRR is 7.8 µm. Each line width is 7.8 µm and the gap is 15.6 µm. Fig. 2(a)-(d) shows the simulated transmission spectra of the double, outer, and inner ring SRR of SRR cases (a), (b), (c), and (d), respectively. These simulations were obtained using a FDTD model with periodic boundary conditions [9, 10] . The first resonance of the double ring occurs around 350 GHz for cases (a), (b) and (d). However, the first resonance occurs at a much higher frequency, 800 GHz, in case (c).
The first resonance of all four cases of the SRR configurations is the magnetic response of the outer ring while the second resonance corresponds to the resonance of the inner ring. The shifts between the resonances of the double-ring and the outer and inner ring are due to the additional capacitance between the rings [11] . The interesting result is obtained in SRR-C, where the outer and inner rings generate resonances at 820 and 1,650 GHz, respectively, as illustrated in Fig. 2(c) . Consequently, the double-ring SRR-C has the first and the second resonance at 800 GHz and 1,660 GHz respectively. Although numerical and experimental results [4, 7, 8, 12] have shown that there is no resonance in the SRR-C at the same frequency as those of the other SRRs, the results do not cover a higher frequency where the resonances of each individual ring (inner and outer) occur. The SRR-C is in essence the SRR-A case with a 90 • rotation of the SRR plane while its axis is fixed. In fact, SRR-A and SRR-C have the same configuration, but a different angle of incidence. The SRR-A (incident angle = 0 • ) starts to have a second dip when the incident angle increases. The second dip will become the main resonance when the angle is close to 90 • [13, 14] . Eventually, there will be a forbidden band at a higher frequency and the first resonance will disappear in the SRR-C (incident angle = 90 • ). Note that the structure needs to be symmetric to avoid the magnetoelectric polarizabilities. This phenomenon can be explained by polarization conversion which corresponds to a transmission change [15] [16] [17] . This higher-order magnetic resonance, marked as a magnetic-dipole mode, is also identified in a single ring [14] .
Another important factor to consider in the analysis of the SRR-C structure is the interaction of the inclusions with their neighboring structures within the array. Here, we analyze and compare the response of the four types of SRRs under a transverse electromagnetic mode (TEM), the most suitable mode for a semi-infinite and a finite model. The semi-infinite and finite models are implemented by PEC (perfect electric conductor) -PMC (perfect magnetic conductor) and PEC -PML (perfectly matched layer) boundary conditions, respectively. The PEC is in the direction of the electric field while PMC and PML are in the direction of the magnetic field. A comparison of the semiinfinite layer and the finite cases, namely one, five and ten layers in the direction perpendicular to the direction of propagation is shown in Fig.  3 . The magnetic resonances of all types of the SRR structures become stronger when the number of SRRs increases according to the coupling between the neighboring SRRs as illustrated in Fig. 3(a)-(d) . It is true for all SRR types that finite number of structures, e.g., 10 (with a proper geometric arrangement [8] ) are enough to show the resonances This also proves that the resonance of SRR-C does not occur by chance, but as a result of the higher-order magnetic-dipole mode, as mentioned before, and the coupling between their neighboring elements.
When the electric field is parallel to the "no gap" sides of the SRR-C, its polarization will be symmetric and the polarization current is only flowing up and down the sides of the SRR, as shown in [4] . Conversely, for the SRR-D, the current flows between the sides compliant with the broken symmetry. The circulating current inside the SRR couples with the magnetic resonance. However, presuming the gap is very small, there can be a circulating current inside the SRR-C as well. Here, we consider only the outer-ring, as its magnetic response dominates the SRR [11] . The gap of the outer ring is varied from 15.6 µm up to the size of the (inner) ring side (78 µm). Results in Fig. 4 show that when the gap is broad, the resonance location shifts upward. For this reason, we may conclude that the resonance of SRR-C is not related to the electric coupling. 
DESIGN AND NUMERICAL RESULTS
We will discuss the NIR passband of the planar metamaterials constructed by SRR-A, SRR-B, SRR-C and SRR-D, and an array of discontinuous wires [18] . The dimension of the SRR-A, SRR-B, and SRR-C is 480 nm by 480 nm. The outer square SRR side length is 480 nm, the inner square SRR side length is 320 nm and the distance between the inner and outer SRR is 40 nm. Every line width is 40 nm while the gap is 80 nm. The size of the SRR-C is two and a half more than that of the other SRRs, as shown in Figs It is known that a peak of the wire/SRR is truly left-handed if the peak is located in between or above the magnetic resonance frequency (of SRRs) and below the plasma frequency (of wires) of the wire/SRR [19, 20] shown in the Figs. 9(a) and (b). Besides this, we can also identify a negative index property of the peak by using the Snell's law experiment on a wedge-shaped structure [21] , one of the most intuitive verifications of negative index materials (NIM), for the parallel propagation. In case of a perpendicular propagation, when the structure form may be interpreted as electromagnetic crystal (EC), an oblique incident is required to verify the negative index of refraction.
We propose the triangle-shaped structure which can also employ the excitation in different angles. The remaining boundaries are set by using a perfectly matched layer (PML) boundary condition to absorb the radiated fields. The similar arrangement is set for the isosceles triangle model with 68 degrees for the bases. Figs. 7(a) and (c) illustrate the positive index of the structure in Fig. 8 at 600 GHz while the NIR shown at 900, and 950 GHz in Figs. 7(b) and (d) , which is the region where NIR behavior is expected.
FABRICATION TECHNIQUE AND TESTING
The non-planar composite metamaterial composed of the SRR-C and wire configuration is fabricated using standard lift-off and photolithography techniques on a 50 µm thick Mylar substrate. The electric field is aligned along the wires and the direction of wave propagation is perpendicular to the structures, because this case is easier to align and eliminates the need to fabricate multiple layers. Each sample has SRR patterns on one side of the sheet and either a wire pattern or no pattern on the other side. The SRR and wire patterns are made of aluminum with the thickness ranging from 0.1 to 0.4 µm. The dimensions of the samples are 1.5 cm by 2 cm or approximately 20,000 unit cells. Using an FT-IR interferometer, we measure the transmission spectra of the samples. A photograph of the SRR/wire sample is shown in Fig. 8 . Fig. 9(a) shows the measured transmission spectra of the array of SRR-only and the MTM composite sample, respectively. The NIR transmission band centered at 800 GHz is at about −12 dB with 250 GHz width compared to the simulation result in Fig. 9(b) which has the pass band at 820 GHz at −20 dB with 300 GHz width. The results in Fig. 9 (b) were generated through simulation of the transmission spectra of the non-planar SRR-C with the above-mentioned dimension and the wire structure of 109.2 µm.
The simulation results correctly predict the resonance frequencies, as well as the shape of the transmission spectra. Some discrepancies appear between the experimental and numerical results. In the numerical simulations, the transmission band appears at a higher frequency than in the experimental results and also has a wider passband. Furthermore, the transmission value of the simulations is lower than the experimental one. There are several factors that contribute to the differences in results. First, the thickness of the SRR and wire structures of the experimental sample ranges from 0.1 to 0.4 µm, which is much less than the modeled structure thickness (3.9 µm). Second, the fabrication uses aluminum instead of a perfect electric conductor (PEC), which is used in the FDTD model for the MTM structures. Third, there is a misalignment between the SRRs and the wires of roughly 10 µm along the wire direction, and slightly less in the orthogonal direction for the fabricated composite structure. Fourth, Mylar is used as the substrate instead of free space in the simulation. Lastly, the model assumes semi-infinitely periodic structures, whereas the experimental results are obtained for finite periodic structures.
FDTD simulations were conducted to further explain these differences. It was found that when the thickness of the patterns is smaller, besides improving the transmissions, the pass bands also slightly shift down, as seen in the experiments. With respect to the materials, when aluminum is used for the modeled structures in the FDTD simulations, the bands of the structures shift down and become narrower, similar to the results of the experiments. It was found, however, that the misalignment is not that significant if the value is less than 10 µm. The other major factor is the Mylar film on which our structures are deposited. When it is incorporated into the computational simulations, the transmission location is shifted down and the width of the passband is reduced, agreeing more closely with the experimental results. The results of the parametric studies are shown in Fig. 10 . 
CONCLUSION
We found the broad and strong resonance of an SRR at a high frequency based on the polarization conversion theory. The orientation is set when the plane of the symmetric conventional SRR is rotated by 90, while its axis is fixed.
Combining the SRRs with an array of discontinuous wires, we are able to create a NIR passband approximately two to three times higher than those of the previously known SRR/wire structures, maintaining the same dimensions. The new SRR/wire structure can produce a broad NIR passband -nearly two and a half times larger than those of the primary models. The double size structure will considerably ease the fabrication procedure when we are dealing with a very small scale at a high frequency regime. Metamaterials based on one of the models which exhibit a broad transmission band at THz frequencies are fabricated. The position and the shape of the pass band of the actual device agree relatively well with that predicted by the model.
